The cyanobacterial community composition in the mesotrophic Lake Blaarmeersen was determined by denaturing gradient gel electrophoresis (DGGE) of PCRamplified 16S rRNA gene fragments during two consecutive years to assess the importance of different classes of explanatory variables (bottom-up and top-down factors, physical variables and phytoplankton) in cyanobacterial community dynamics. The most dominant cyanobacteria in Lake Blaarmeersen were Synechococcus (three genotypes), Limnothrix redekei and Anabaena/Aphanizomenon. Analyses of Similarity revealed that the cyanobacterial community in Lake Blaarmeersen differed significantly between the growing season and the winter season as well as between the epilimnion and hypolimnion during the stratified periods. Mantel tests revealed significant correlations between the DGGE data and bottom-up factors, physical variables, the phytoplankton community composition and, interestingly, the zooplankton community composition. In general, the zooplankton community composition (especially the cladoceran community) was more important in structuring the cyanobacterial community than the total zooplankton biomass. This study shows that grazing zooplankton communities can have a relatively strong impact on the cyanobacterial community dynamics and that this impact can be equally important as bottom-up processes regulated by nutrient concentrations and/or physical variables.
Introduction
Cyanobacteria have been attracting considerable attention in the last decade, as these autotrophic prokaryotes often dominate phytoplankton communities in nutrient-rich freshwater lakes during warm weather conditions. Because many freshwater lakes worldwide have been affected by eutrophication, blooms of particular cyanobacterial species have become a common and recurrent phenomenon (Mur et al., 1999; Codd et al., 2005; Zurawell et al., 2005; Jayatissa et al., 2006) .
Freshwater cyanobacterial communities are usually composed of biochemically and ecologically distinct species. For instance, different species and strains produce distinct secondary metabolites that can be toxic for eukaryotes (e.g. Milutinovic et al., 2003; Pflugmacher, 2004; Viaggiu et al., 2004; Rohrlack et al., 2005) , some cyanobacteria fix nitrogen while others do not (Ni et al., 1990; Downing et al., 2001; Fiore et al., 2005) and particular species exhibit different optima in relation to environmental parameters (Huisman & Hulot, 2005) . Therefore, it is interesting to know the environmental conditions that tend to lead to the dominance of certain species. Whereas several studies revealed the influence of nutrients and physical variables (e.g. light, temperature, turbulence . . .) on the cyanobacterial community composition (e.g. Jacoby et al., 2000; Salmaso, 2000; Pandey & Pandey, 2002; Noges et al., 2003) , the potential importance of top-down factors considering cyanobacterial community dynamics is poorly studied. This is probably due to the fact that cyanobacteria are thought to be less susceptible to grazing by zooplankton in comparison with other phytoplankton groups because they can form large colonies or filaments (Lampert, 1987; Gliwicz & Lampert, 1990; DeMott et al., 2001) . Although some colonies and filaments are indeed too large to be consumed even by macrozooplankton, smaller cyanobacteria, being unicellular or consisting of small colonies or filaments, can easily be grazed. Several studies have reported grazing by Daphnia (e.g. DeBernardi et al., 1981; Holm & Shapiro, 1984; Rohrlack et al., 1999; Work & Havens, 2003) , Bosmina (Work & Havens, 2003) , copepods (Haney, 1987; DeMott & Moxter, 1991; Koski et al., 2002; Work & Havens, 2003) , rotifers (Starkweather & Kellar, 1983; Gilbert, 1996) , ciliates (Brabrand et al., 1983) and flagellates (Nishibe et al., 2002) on a range of cyanobacterial species. Some zooplankton species graze more efficiently on cyanobacteria than others (Lampert, 1987) . Copepods for example can select cyanobacteria based on size and chemical characteristics like toxicity and nutritional value (DeMott & Moxter, 1991; Engström et al., 2000) . Therefore, in lakes with moderate to high nutrient concentrations where the cyanobacterial community is diverse, it is likely that both zooplankton abundance and composition play a role in cyanobacterial community dynamics. Previous studies indicate that grazing by zooplankton can influence the phytoplankton and the bacterioplankton community composition considerably (Bergquist et al., 1985; Degans et al., 2002; Muylaert et al., 2002; Sarnelle, 2005) . Although the effect of zooplankton grazing might be expected to be less pronounced concerning cyanobacteria (Sellner et al., 1993) , more information is needed about the relationships between zooplankton and cyanobacterial community dynamics.
This study aims to evaluate the impact of top-down factors relative to other important explanatory variables on seasonal changes in the cyanobacterial community in Lake Blaarmeersen. The cyanobacterial community in the lake was monitored for 2 years using denaturing gradient gel electrophoresis (DGGE) of PCR-amplified 16S rRNA gene fragments. Furthermore, the cyanobacterial community composition was related directly to top-down, bottom-up and other explanatory variables.
Materials and methods

Study site and sample collection
Lake Blaarmeersen (51125 0 N, 3141 0 E) is a temperate monomictic sand-pit lake with a high recreational value in the city of Ghent. Since 1982, the lake and the surrounding area has been opened to the public for recreation purposes. In the years following its construction in 1976, it was an oligotrophic, macrophyte-dominated lake but, like many other lakes in Belgium, eutrophication has resulted in a gradual increase of phytoplankton biomass, including cyanobacteria (Geysen & Coppejans, 1985; several unpublished studies) . Lake Blaarmeersen has a surface area of almost 20 ha and a maximal depth of 15 m.
Samples from Lake Blaarmeersen were taken fortnightly in 2003 (but monthly in winter) and monthly in 2004 at a depth of 0.5 and 7.5 m (some extra samples were taken at a depth of 1.5 and 3.5 m) at a fixed position in the lake where the water depth is maximal (15 m). Phytoplankton samples were taken with a vertical point water sampler. These samples were fixed with the alkalic lugol-formalin-sodiumthiosulphate method (Sherr & Sherr, 1993) . On each occasion, a depth-integrated (0, 2.5, 5, 7.5, 10 m) zooplankton sample was gathered with a Schindler-Patalas sampler at the same locality. Zooplankton samples were fixed with a sugar-saturated formaldehyde solution (end concentration 4%) (Haney & Hall, 1973) . Water samples for DNA extraction were filtered over a 25 mm 0.2 mm GSWP membrane filter (Millipore) and frozen as soon as possible at À 20 1C. A depth profile for oxygen concentration, temperature, conductivity and pH was made with a conductivity-temperature-depth (CTD) multi-meter (YSI 650 MDS). An underwater light profile was made with a Licor 1400 Data logger and two sensors (Aquamatic AOPL UV912). Water transparency was also measured with a Secchi-disk. For determination of dissolved nutrient concentrations (nitrate, ammonium and orthophosphate), water was filtered over a GF/F glass fibre filter and stored frozen until analysis using a Skalar auto-analyser (Grasshoff, 1976; Koroleff, 1976) . Suspended matter was measured gravimetrically after filtration of a known volume of water on dried preweighed GF/F filters.
Microscopical determination and counting
Phytoplankton (including filamentous cyanobacteria) was identified according to Tikkanen & Willénn (1992) and counted with an inverted microscope (Zeiss Axiovert), expressed as numbers per millilitre and converted into biomass (mg C L À1 ) by determining the average biovolume (mm 3 ) of each taxon (Menden-Deuer & Lessard, 2000) . Phytoplankton was identified up to genus or species level. For the samples from 2004, an extra counting of picocyanobacteria was carried out using epifluorescence (Zeiss Axioplan microscope) with black polycarbonate filters. Zooplankton was identified and counted as individuals per litre with a binocular loupe and abundance was converted into biomass using published length-weight regressions (Bottrell et al., 1976) . Copepods were identified as calanoids, cyclopoids, copepodites and nauplii, cladocerans were identified up to genus level and rotifers were identified up to genus and species levels.
DNA extraction
Genomic DNA from the filters containing water samples was isolated as described by Zwart et al. (1998) , which includes the beat-beating method with phenol extraction and ethanol precipitation. After extraction, the DNA was purified on a Wizard column (Promega).
PCR amplification for DGGE
16S rRNA gene fragments were amplified using the nested PCR protocol described by Zwart et al. (2005) . The specific cyanobacterial primers cya-b-F371 and cya-R783 and the general primers F357 (GC) and R518 were used in the first and second PCR, respectively. In the first PCR, a high specificity was obtained and in the second PCR the PCR fragment was shortened to obtain better profiles by DGGE. The first PCR was performed using the following reaction mixtures: 2 mL of template DNA, 0.5 mM of each primer, 200 mM of each deoxynucleoside triphosphate, 2.5 U of Taq DNA polymerase (Ampli Taq), 10 Â PCR buffer [Tris/HCl: 100 mM, pH: 8.3; KCl: 500 mM; MgCl 2 : 15 mM; Gelatine: 0.01% (w/v)] and 400 ng of bovine serum albumin. The mix was adjusted to a final volume of 50 mL with sterile water. The PCR program started with a denaturation step of 5 min at 94 1C. A touchdown procedure was performed consisting of 20 cycles in which the annealing temperature decreased by 1 1C every second cycle from 65 to 56 1C. Cycle step times were one minute each for denaturation (94 1C), annealing and extension (72 1C). A final extension step was performed for 10 min at 72 1C. After the cyanobacteria-specific amplification and purification with a QiaQuick PCR purification kit (QiaGen), 1 mL of PCR product was transferred to a new 50 mL reaction mixture containing the general primers described above. The PCR program started with a denaturation step of 5 min at 94 1C. A touchdown procedure was performed consisting of 20 cycles in which the annealing temperature decreased by 1 1C every second cycle from 65 to 56 1C and five additional cycles in which the annealing temperature was 55 1C. A final extension step was performed for 30 min at 72 1C. The presence of PCR products and their concentration was determined by analysing 5 mL of each PCR product on 1.66% agarose gels, staining with ethidium bromide and comparing them with a molecular weight marker (SmartLadder; Eurogentec).
DGGE profiling
DGGE was essentially performed as described by Muyzer et al. (1993) . Equal amounts of PCR products were loaded onto 8% (w/v) polyacrylamide gels [1 mm thick, in 1X TAE (20 mM Tris acetate (pH 7.4), 10 mM acetate, 0.5 mM disodium EDTA)]. The denaturing gradient contained 35-60% denaturant [100% denaturant corresponded to 7 M urea and 40% (v/v) formamide]. Electrophoresis was performed for 16 h at 75 V and the temperature was set at 60 1C. Finally, the gels were stained with ethidium bromide and photographed on a UV transillumination table with a CCD camera. Furthermore, a small piece of gel from the middle of the target band was excised from the DGGE gel and incubated in 50 mL of sterile TE buffer (10 mM Tris, pH 7.6, 1 mM EDTA) for 24 h at 4 1C. The eluent was then reamplified and purified by DGGE one or two times. The resulting PCR products were purified using a QiaQuick PCR purification kit (QiaGen). Finally, sequencing was performed with the ABI Prism sequencing kit and the resulting sequencing reaction products were analysed on an automatic sequencer (ABI Prism 3100).
DGGE-profile analysis
On every gel, three standard lanes were analysed in parallel to the samples. These standard lanes were composed of several bands positioned distinctly in the gel. As these bands should always be formed at the same denaturant concentration in the gel, their position was used to compare the patterns formed in different gels. Digitalized DGGE images were analysed using the software package BIONUMERICS 4.5 (Applied Maths BVBA). The program detects the bands and groups the bands into band classes, based on their position in the gel. Sequence information of the bands was used to check the grouping of bands into band classes manually. Heteroduplex bands and very weak bands were removed. Further, a matrix was compiled, based on the band intensity or the presence or absence of bands in band classes. The band intensities were then converted into relative intensities (the relative contribution of each band to the total band signal in the lane).
Cloning of rRNA genes
16S rRNA gene PCR products from the sample taken in Lake Blaarmeersen on 18/07/03 at a depth of 0.5 m were cloned and sequenced as described in Boutte et al. (2005) . The DNA was amplified with the primers CYA359F (Nübel et al., 1997) and 23S30R (Taton et al., 2003) . The PCR conditions and PCR program were as described in Boutte et al. (2005) . The TOPO TA Cloning Kit (Invitrogen) was used for cloning, following the manufacturer's instructions. Colonies were screened by a direct PCR with the primers CYA359F and CYA784R using an annealing temperature of 60 1C instead of 54 1C to increase the specificity of the detection. Each positive clone was sequenced using primer 1092R. Sequences were obtained from Genome Express (Meylan). Sequencing reactions were performed using an ABI Prism system 3730 XL TM . The sequenced fragment has a length of 700-800 bp.
Sequence analysis and database deposits
The 16S rRNA gene sequences were screened against GenBank/EMBL using the algorithm BLAST (Altschul et al., 1990) to identify the cyanobacteria. The sequence data have been submitted to the EMBL database under accession numbers AM410055-AM410064 for the DGGE bands and AM411877-AM411904 for the clones.
Statistical analysis
Multivariate statistics were used to investigate the relation between cyanobacterial community composition and explanatory variables. The similarity of DGGE profiles (only the dominant cyanobacteria Synechococcus, Limnothrix redekei and Anabaena/Aphanizomenon were selected from the DGGE profile and their relative band intensities were used), the cyanobacterial community obtained from counting (relative density), phytoplankton community composition (absolute biomass of taxa without cyanobacteria), zooplankton community composition (absolute biomass of taxa) and community composition of copepods, cladocerans and rotifers (absolute biomass of the three groups) was determined using the Bray-Curtis Index of Similarity (Primer 5, Clarke & Gorley, 2001) . For each of these datasets, a similarity matrix was prepared using log (x11)-transformed data. The Bray-Curtis similarity matrix of the DGGE profile was used to create a dendrogram, using weighted group average linkage in cluster analysis (Primer 5, Clarke & Gorley, 2001) . Dissimilarity matrices of environmental data were calculated using Euclidean distances (Primer 5, Clarke & Gorley, 2001) . Two matrices were constructed separately: one including the dissolved nutrients (nitrate, ammonium, total dissolved nitrogen and orthophosphate) and one including the physical variables (temperature, Secchi depth, oxygen level, pH and conductivity). Nutrient data were fourth root transformed and Secchi depth and conductivity were log (x11) transformed. Dissimilarity matrices of total zooplankton biomass, biomass of Daphnia and Bosmina, total cyanobacterial biomass and phytoplankton biomass were calculated using Euclidean distances (Primer 5, Clarke & Gorley, 2001 ) on log (x11)-transformed data.
Analyses of Similarity (ANOSIM) using 999 permutations were run to test for statistically significant differences in cyanobacterial assemblage (Primer 5, Clarke & Gorley, 2001) . ANOSIM generates a test statistic R, and the magnitude of R is indicative of the degree of separation between groups, with a score of 1 indicating complete separation and 0 indicating no separation. Monte-Carlo randomization of the group labels was used to generate null distributions in order to test the hypothesis that within-group similarities are higher than would be expected if sample DGGE profiles were grouped at random.
Mantel tests (Mantel, 1967; Mantel & Valand, 1970) were used to investigate the relation between cyanobacterial community composition and abiotic/biotic variables. In the Mantel test, the null hypothesis is that distances in a matrix A are independent of the distances, for the same objects, in another matrix B. Testing of the null hypothesis is performed by a randomization procedure in which the original value of the statistic is compared with the distribution found by randomly reallocating the order of the elements in one of the matrices. The statistic used for the measure of the correlation between the matrices is the Pearson correlation coefficient. Simple Mantel tests evaluate whether the association between two independent similarity matrices, describing the same set of entities, is stronger than one would expect from chance. Partial Mantel tests are used to determine the relationship between two matrices while controlling the effect of a third matrix. Simple and partial Mantel tests were carried out by the ZT software tool (Bonnet & Van de Peer, 2002) using Bray-Curtis similarity matrices for community data and Euclidean distance dissimilarity matrices for environmental data and total biomass. The program MANTELTESTER (http://manteltester.berlios.de) was used to automate the Mantel tests.
Spearman rank correlation coefficients were calculated using STATISTICA 6.0 for Windows (StatSoft Tulsa http:// www.statsoft.com) to obtain extra information about positive or negative correlations among the different cyanobacterial genotypes (relative intensities of single DGGE band classes) and to obtain information about positive or negative correlations between each cyanobacterial genotype and biomass of Daphnia and Bosmina. In addition, Spearman rank correlation coefficients were calculated between the total cyanobacterial biomass and the biomass of Daphnia and Bosmina. All data were log (x11) transformed before the analyses.
Results
Physico-chemical characteristics
Lake Blaarmeersen is a typical temperate, monomictic lake. The water layers are well mixed during winter and thermal stratification occurs predominantly in summer. As a result, during the study period the water was well oxygenated during complete mixing but as soon as thermal stratification started, an oxycline developed first in deeper water and later more at the surface, dividing the water body into a welloxygenated epilimnion and a poorly oxygenated hypolimnion. In summer, severe oxygen depletion (with values o 1 mg O 2 L À1 ) was observed. During winter turnover, the euphotic depth was lower than the mixing depth and the primary producers could encounter light limitation when they were transported passively in the deeper darker zones.
In late spring, a typical spring clear water phase was visible when the amount of suspended matter was lowest and Secchi depth and euphotic depth were maximal. This was probably induced by the high grazing pressure on phytoplankton, mainly by large cladocerans (Daphnia) at that time (see Fig. 1 ). The pH values were higher in times when there was more phytoplankton production (mainly in summer at the surface of the water column). The total ion concentration was somewhat higher at the bottom of the lake during the stratified period due to the presence of the sediment layer. The highest concentrations of dissolved nutrients (total dissolved nitrogen: up to 300 mg L À1 , orthophosphate: up to 30 mg L À1 ) were observed in autumn and winter when organic matter became mineralized and the water column was mixed up to the bottom. During summer, dissolved nutrients became depleted in the epilimnion (see Fig. 2 ).
Zooplankton community
In 2003 and September, rotifers were scarce, whereas in October, November and December they were abundant again. The same pattern was seen in 2004, although the total density was lower in comparison with 2003. The most abundant rotifers in Lake Blaarmeersen were Polyarthra sp., Keratella cochlearis, Keratella quadrata, Asplanchna priodonta, Synchaeta sp., Kellicottia longispina and Pompholyx complanata. To compare the grazing capacity of different zooplankton groups and species, biomass is more appropriate than numbers; therefore, the zooplankton community composition was studied using biomass data (see Fig. 1 ).
Phytoplankton community
Similar values were obtained for the total biomass of phytoplankton at a depth of 0.5 m (epilimnion) and 7.5 m (hypolimnion), except in summer 2003 where the biomass was lower in the hypolimnion compared with the epilimnion. High biomass of phytoplankton (up to 1300 mg C L À1 )
was especially seen in summer and autumn (see Fig. 1 ). The phytoplankton that dominated most frequently in Lake Blaarmeersen were cryptophytes, but dinophytes, chlorophytes, cyanobacteria and diatoms also reached high numbers in particular periods. In 2003, in early spring (end February), a bloom of small centricate diatoms (Stephanodiscus sp.) was detected, which was followed by a spring bloom (just before the 'clear water phase') of cryptophytes (Cryptomonas sp.). After the 'clear water phase' , in June and July, high numbers of dinophytes (Ceratium furcoides, Peridinium sp.) were encountered, whereas in late summer filamentous phytoplankton (chlorophytes: Mougeotia sp. and cyanobacteria: Anabaena sp., Aphanizomenon flos-aquae and Limnothrix redekei) was present in the lake. In autumn, there was again a bloom of cryptophytes. In 2004, the same pattern was observed, although there were some differences in the summer period because cyanobacteria, diatoms, dinophytes and chlorophytes all reached high numbers at that time. In general, cyanobacteria had a rather low contribution to the total phytoplankton biomass and reached a maximal contribution during summer and autumn (see Fig. 1 ). During the sampling period, the biomass of cyanobacteria was similar or lower in the hypolimnion compared with the epilimnion, except in late summer and early autumn of 2004.
Cyanobacterial community
A significant correlation (r = 0.145; P = 0.008) was found by a simple Mantel test (ZT, Bonnet & Van de Peer, 2002) between the cyanobacterial community composition data (relative contribution of the most dominant groups: Synechococcus, Limnothrix redekei and Anabaena/Aphanizomenon; see further) obtained by counting and obtained by DGGE for the growing season. The rather low correlation was probably mainly due to the fact that Synechococcus was underestimated in the counting data of 2003 because no extra counting with a fluorescence microscope was performed for these samples. Furthermore, at several sampling dates during winter and spring no cyanobacteria were detected by the microscope in contrast to DGGE by which it was still possible to detect them. Considering these aspects, DGGE was used to study the cyanobacterial community composition. Figure 3 shows the DGGE profile obtained by cyanobacteria-specific PCR amplification of DNA from samples taken in Lake Blaarmeersen from April 2003 to December 2004 at a depth of 0.5 and 7.5 m (and a few samples at a depth of 1.5 and 3.5 m). Owing to the fact that cyanobacteria were not dominant in the lake, many chloroplast sequences of other phytoplankton groups were also amplified (see Table 1 ). However, the sequence information of the bands was used to select the dominant cyanobacterial taxa and all the statistical analyses (see further) were performed on the community composition of Synechococcus (band class 10, 14 and 18), Limnothrix redekei (band class 16) and Anabaena/ Aphanizomenon (band class 19) (see Fig. 3 and Table 1 ). The dominance of these cyanobacteria was confirmed by the counting data (these taxa reached the highest absolute biomass). Additionally, more 16S rRNA gene sequence information of these three cyanobacterial taxa was obtained by cloning to confirm and complement the DGGE data (see the 'Materials and methods' section for accession numbers of the sequences).
The most abundant cyanobacterium in the DGGE profile is Synechococcus, which is represented by three genotypes (band classes 10, 14 and 18; see Fig. 3 and Table 1 ). The genotype on position 10 was present in Lake Blaarmeersen during the whole sampling period at both depths, whereas the genotype on position 18 was only found in summer and autumn and the genotype on position 14 was only detected in the summer of 2004 in the hypolimnion. The cyanobacterium Limnothrix redekei (band class 16; see Fig. 3 and Table 1 ) was dominant in 2003 in summer in the hypolimnion and in autumn at both depths. The nitrogen-fixing cyanobacterium Anabaena/Aphanizomenon was detected in late summer 2003 in the epilimnion (band class 19; see Fig. 3 and Table 1 ). The relative contributions of Synechococcus genotypes, Limnothrix redekei and Anabaena/Aphanizomenon at a depth of 0.5 m and 7.5 m detected by DGGE are also visualized in Fig. 4 . ANOSIM (Primer 5, Clarke & Gorley, 2001 ) revealed significant differences in the cyanobacterial community composition between the 'growing season' (late Table 1 ). Individual bands that were sequenced are indicated and numbered (see also Table 1 ). Heteroduplex bands were removed from the band classes. Band classes representative for the most dominant cyanobacteria and used in the statistical analyses are indicated with arrows on top of the figure and circles around the band class number. Sequenced bands in these band classes have squares around their band number.
spring, summer and early autumn) and the 'winter season' (late autumn, winter and early spring) (R = 0.47; P = 0.001) and significant differences in the cyanobacterial community composition between a depth of 0.5 and 7.5 m (R = 0.239; P = 0.001) during the growing season, while no significant differences in the cyanobacterial community composition between a depth of 0.5 and 7.5 m were found during the winter season. The Bray-Curtis cluster (Primer 5, Clarke & Gorley, 2001 ) of the cyanobacterial community (see Fig. 5 ) is composed of two subclusters: one that groups the 'growing season samples' and one that groups the 'winter season samples' . Three samples taken in summer 2004 in the hypolimnion are grouped separately due to the presence of a Synechococcus genotype (band class 14). In the winter season, there was little variation in the cyanobacterial community and especially one Synechococcus genotype (band class 10) was found.
Influence of biotic and abiotic factors on the cyanobacterial community dynamics
Simple and partial Mantel tests (ZT, Bonnet & Van de Peer, 2002) were performed to investigate the relationship between the cyanobacterial community composition (relative contributions of Synechococcus genotypes, Limnothrix redekei and Anabaena/Aphanizomenon) as determined by DGGE and the community composition of zooplankton and phytoplankton (without cyanobacteria). In addition, the influence of dissolved nutrients and physical conditions (temperature, Secchi depth, oxygen level, pH and conductivity) was investigated (see Table 2 ). The simple Mantel tests revealed that the zooplankton and phytoplankton community composition as well as the dissolved nutrient concentrations and physical conditions of the lake are significantly related to the cyanobacterial community composition, while all these components are also related to each other. Partial Mantel tests revealed that each component independently influenced the cyanobacterial community dynamics. The highest correlations were found with dissolved nutrients, zooplankton community composition and physical variables, and a slightly lower correlation was found with the phytoplankton community composition. For the Table 1 ).
Mantel tests described here, the band intensities in the DGGE profile were used (relative contributions of cyanobacterial taxa per sample). In addition, Mantel tests were also performed on the presence/absence DGGE data (presence or absence of cyanobacterial taxa per sample). In general, the correlations that were found were comparable with the correlations found when using band intensities, although they were slightly lower (not shown). Simple Mantel tests also revealed that the zooplankton community composition influenced the total cyanobacterial biomass (r = À 0.346; P o 0.0001) but the total biomass of zooplankton did not influence the cyanobacterial community dynamics (r = À 0.120; P 4 0.05). Furthermore, the zooplankton composition based on the absolute biomass of the three major groups (copepods, cladocerans and rotifers) has no significant correlation with the cyanobacterial community composition when controlling for nutrients (r = 0.064; P 4 0.05) and physical variables (r = 0.115; P 4 0.05). The different zooplankton groups were also correlated separately to the cyanobacterial community composition and total cyanobacterial biomass by simple and partial Mantel tests (see Table 3 ). The community composition of all three zooplankton groups has a significant correlation with the cyanobacterial community composition and biomass. However, when controlling for the phytoplankton community, only the cladoceran community has a significant correlation with the cyanobacterial community composition. The rotifer community has no significant correlation with the cyanobacterial biomass when controlling for phytoplankton biomass, cladoceran community and nutrients (see Table 3 ). Bosmina and Daphnia were the most abundant cladocerans in Lake Blaarmeersen (see Fig. 1 ), and simple Mantel tests showed that the biomass of both species has a significant correlation with the cyanobacterial community composition and biomass. However, only Bosmina seemed to influence the cyanobacterial community dynamics independently (see Table 4 ).
Spearman rank correlation coefficients were also calculated between the relative intensities of single DGGE band classes and biomass of Daphnia and Bosmina (STATISTICA 6.0) to know which species influenced each other in a positive or negative way. Table 5 shows that band class 10 (Synechococcus sp.) has a negative correlation with band classes 14 (Synechococcus sp.), 16 (Limnothrix redekei) and 18 (Synechococcus sp.) and band class 18 has a positive correlation with band classes 14 and 16. Further, Daphnia is positively correlated to band class 10 and negatively to band classes 16, 18 and 19 while Bosmina is negatively correlated to band class 10 and positively to band classes 16 and 18. In addition, Spearman rank correlation coefficients show that the cyanobacterial biomass has a negative correlation with the biomass of Daphnia (r = À 0.457; P o 0.001) and a positive correlation with the biomass of Bosmina (r = 0.689; P o 0.0001).
Discussion
Lake Blaarmeersen was characterized by a diverse cyanobacterial community dominated by the unicellular nontoxic cyanobacterium Synechococcus. The three Synechococcus genotypes probably represent different ecotypes because they were present in the lake during different periods and in different strata of the water column. It is unlikely that the three different band classes represent intragenomic sequence variation in 16S rRNA genes of Synechococcus (Palenik et al., 2003) because the three genotypes did not occur in the same samples and negative correlations were found between the genotypes. In Lake Loosdrecht (the Netherlands), Zwart et al. (2005) also detected three different genotypes of Synechococcus, represented by three bands on different positions in the DGGE gradient. The relative intensities of these bands varied in spring, summer and autumn, indicating that they may belong to different ecotypes. None of the Synechococcus genotypes found in Lake Blaarmeersen has 100% sequence similarity with the genotypes from Lake Loosdrecht. The genus Synechococcus is polyphyletic (Honda et al., 1999; Robertson et al., 2001 ) and more sequence information is needed to determine the phylogenetic relationships between the different genotypes. The dominance of the filamentous nontoxic cyanobacterium Limnothrix redekei in the hypolimnion during the stratification period and in autumn agrees with other evidence that this species is better adapted to lower temperatures and light intensities than other cyanobacteria (e.g. Mur & Schreurs, 1995; Havens et al., 1998) . The nitrogen-fixing cyanobacteria Anabaena and Aphanizomenon were detected as a single band by DGGE. By sequencing a fragment of the 16S rRNA gene, it is not possible to distinguish between these two taxa (Kolmonen et al., 2004) . Furthermore, phylogenetic studies have shown that Anabaena and Aphanizomenon probably belong to one genus (Castenholz, 2001; Gugger et al., 2002) . Microscopical determination confirmed that both cyanobacteria were present in Lake Blaarmeersen; Anabaena was mainly detected in August 2003 and Aphanizomenon was mainly detected in September 2003. Anabaena and Aphanizomenon are known to form surface blooms in summer when the water column is stable (Salmaso, 2000) . Some of the other bands in the DGGE profile were identified as chloroplast sequences. One should pay attention to the fact that primers specific for cyanobacterial 16S rRNA genes also amplify most of the chloroplast 16S rRNA genes (Kolmonen et al., 2004; Stiller & McClanahan, 2005; Zwart et al., 2005; Ouellette al., 2006) . That this does not always happen is illustrated by the fact that several sequences in the databank Genbank/ EMBL are indicated as belonging to cyanobacteria (especially clones) whereas in fact they represent chloroplasts. As a result, the DGGE profiles do not reflect only the cyanobacterial diversity but a combination of cyanobacteria and chloroplasts. Therefore, microscopical counts and cloning were additionally performed to provide extra information and complement the DGGE data presented here.
This study confirms the influence of several physical variables on the cyanobacterial community dynamics (e.g. Dokulil & Teubner, 2000; Salmaso, 2000; Pawlik-Skowronska et al., 2004) , as well as the influence of dissolved nutrient concentrations (e.g. Pandey & Pandey, 2002; Pawlik-Skowronska et al., 2004) . On the other hand, two other classes of environmental variables, the zooplankton and phytoplankton community composition, are also correlated to the cyanobacterial community composition. While the zooplankton and phytoplankton communities are generally not independent of each other (Shapiro, 1995; Sarnelle, 2005; Abrantes et al., 2006) , a significant and independent relationship was found with the cyanobacterial community composition, suggestive of direct effects. The rather low but significant correlation between the phytoplankton and the cyanobacterial community composition might reflect mechanisms of phytoplankton succession and competition (Huszar & Caraco, 1998; Domingues et al., 2005; Huisman & Hulot, 2005) . The correlation between the zooplankton and cyanobacterial community composition is relatively high. When this relationship is analysed further, it appears that the genus or species identity of zooplankton is more important than the major zooplankton group (copepods, cladocerans and rotifers) to which they belong. The importance of the different zooplankton species present in the lake was confirmed by Mantel tests on the community composition of the copepods, cladocerans and rotifers, respectively. Only the cladoceran community composition had a strong and unique influence on the cyanobacterial community dynamics. However, this finding needs to be interpreted with caution because of the lower taxonomic resolution of the copepod data (calanoids, cyclopoids, copepodites and nauplii) compared with those of cladocerans and rotifers (which were identified at the species or genus level), which may have obscured significant relationships. Daphnia and Bosmina were the most important grazing cladocerans in Lake Blaarmeersen and mainly Bosmina considerably influenced the cyanobacterial community dynamics. While Daphnia is a nonselective grazer, Bosmina grazes selectively (DeMott & Kerfoot, 1982) and can consume small as well as large food particles (Bleiwas & Stokes, 1985) . Additionally, Bosmina might also indirectly influence the cyanobacterial community composition by grazing on heterotrophic nanoflagellates (DeMott & Kerfoot, 1982) because heterotrophic nanoflagellates graze in turn on small cyanobacteria (Nishibe et al., 2002) . In principle, it is also possible that the cyanobacterial community influences the zooplankton abundance and composition, because some cyanobacteria are toxic, have a low nutritional value or form large colonies and filaments that can negatively affect several zooplankton species (Ghadouani et al., 2003; Murrel & Lores, 2004; Ruokolainen et al., 2006) . However, the total biomass of cyanobacteria in Lake Blaarmeersen was low in comparison with other phytoplankton taxa and toxic cyanobacterial species were scarce, indicating that the influence of the cyanobacterial community on the zooplankton abundance and composition was limited. The positive correlation found between total cyanobacterial biomass and Bosmina biomass and the negative correlation between total cyanobacterial biomass and Daphnia biomass is in agreement with previous studies (Romo et al., 1996; DeMott et al., 2001; Abrantes et al., 2006) and might reflect a negative influence of filamentous cyanobacteria on Daphnia; however, it can also be the result of grazing of large Daphnia species on all cyanobacteria whereas Bosmina grazes more selectively. The cyanobacterial community was composed of unicellular as well as filamentous cyanobacteria. Probably, the unicellular cyanobacteria are more easily grazed by different zooplankton species in comparison with the filamentous forms. Despite its low food quality, the picocyanobacterium Synechococcus is grazed by several zooplankton species (Park et al., 2002; Martin-Creuzburg et al., 2005) . When grazed together with higher quality food, zooplankton is much less negatively affected (DeMott et al., 1998; Von Elert & Wolffrom, 2001) . Probably, the importance of zooplankton differs from lake to lake and is dependent on several biotic and abiotic characteristics. When the nutrient status is too high, the cyanobacterial community will become very dominant and will be composed by one or a few species. Under these circumstances, the influence of zooplankton on cyanobacteria will be very limited because zooplankton does not grow well (Ahlgren et al., 1990; Ghadouani et al., 2003; Müller-Navarra et al., 2004) .
Several studies using a traditional microscopical approach studied the interactions between phytoplankton Schriver et al., 1995; Romo et al., 1996; Jeppesen et al., 1998; Romo et al., 2004) , and showed that zooplankton can play a role in structuring the phytoplankton community. However, in these studies no direct correlations between the cyanobacterial and zooplankton community composition are calculated as cyanobacteria are considered to be a part of the phytoplankton community. Therefore, it is difficult to compare the zooplankton-cyanobacteria interactions found in this study with these traditional microscopical studies. The goal of this study was to investigate the contribution of top-down variables relative to other explanatory variables in explaining cyanobacterial community dynamics in a natural setting. However, a significant relation between cyanobacterial community composition and community composition of potential predators may arise not only from a direct trophic interaction but also through indirect effects. Elser & Urabe (1999) showed that different zooplankton species differ in nutrient recycling, which can influence the concentrations of dissolved nutrients, which can in turn influence the cyanobacterial community dynamics (Callieri et al., 2004) . However, this indirect effect of zooplankton was mainly excluded by calculating partial Mantel tests, which allow controlling for confounding effects of covarying variables. Despite these tests, this study cannot completely rule out the possibility that part of the correlation found is due to temporal changes in zooplankton and cyanobacterial community. Therefore, to confirm the importance of a direct relationship between zooplankton and cyanobacteria due to grazing, more field studies and experimental studies in which variables can be manipulated independently of each other are needed. The results from this study, however, strongly suggest that, while in general studies on the ecology of cyanobacteria rely mostly on the impact of bottom-up forces and physical conditions, one should also pay attention to top-down forces, which can be as important as dissolved nutrient concentrations and/or physical variables in structuring the cyanobacterial community.
